The Shank proteins are crucial scaffolding elements of the post-synaptic density (PSD). One of the best-characterized domains in Shank is the PDZ domain, which binds to Cterminal segments of several other PSD proteins. We carried out a detailed structural analysis of Shank3 PDZ domainpeptide complexes, to understand determinants of binding affinity towards different ligand proteins. Ligand peptides from four different proteins were cocrystallized with the Shank3 PDZ domain, and binding affinities were determined calorimetrically. In addition to conserved class I interactions between the first and third C-terminal peptide residue and Shank3, side chain interactions of other residues in the peptide with the PDZ domain are important factors in defining affinity. Structural conservation suggests that the binding specificities of the PDZ domains from different Shanks are similar. Two conserved buried water molecules in PDZ domains may affect correct local folding of ligand recognition determinants. The solution structure of a tandem Shank3 construct containing the SH3 and PDZ domains showed that the two domains are close to each other, which could be of relevance, when recognizing and binding full target proteins. The SH3 domain did not affect the affinity of the PDZ domain towards short target peptides, and the schizophrenia-linked Shank3 mutation R536W in the linker between the domains had no effect on the structure or peptide interactions of the Shank3 SH3-PDZ unit. Our data show the spatial arrangement of two adjacent Shank domains and pinpoint affinity determinants for short PDZ domain ligands with limited sequence homology.
Introduction
The post-synaptic density (PSD) contains a meshwork of proteins linking synaptic receptors to signalling molecules and the cytoskeleton. The Shank proteins are key components of the PSD, and being large multi-domain molecules, they are involved in interactions with several other proteins. They are characterized by N-terminal ankyrin repeats that are followed by a Src homology 3 (SH3) and a PSD-95/DLG/ZO-1 (PDZ) domain. The central part of the proteins contains proline-rich stretches, and the C terminus contains a sterile alpha motif (SAM). The SAM domain is essential for synaptic targeting of Shank2 and Shank3 (Boeckers et al. 2005) . At PSDs, Shank proteins build large multimeric complexes, and the SAM domains are arranged as fibres, forming platforms for protein network assembly (Baron et al. 2006) .
Mutations in Shanks are relatively common in neurological disorders. Autism spectrum disorders are a heterogeneous group of developmental disorders affecting 1% of the population. Approximately 1% of autism spectrum disorder cases are because of mutations in the SHANK genes (Leblond et al. 2014) , and no causative treatment options are available. Understanding the structure-function relationships in Shanks will be required for a full understanding of the molecular effects of disease mutations.
The PDZ domain is one of the best-characterized modular protein domains. In most cases, a PDZ domain will bind a C-terminal peptide sequence from a target protein, and key residues for the interaction lie within the 6 C-terminal residues of the partner. The central PDZ domain of Shank can cluster, for example guanylate kinase-associated protein (GKAP), and several membrane-bound receptors have been identified as interaction partners (Kreienkamp et al. 2000; Schuetz et al. 2004; Uemura et al. 2004; Zitzer et al. 1999) . The ankyrin repeats and the proline-rich regions serve as additional interaction modules for proteins binding to or modulating the actin-based cytoskeleton. Recent work provided the structure of the N-terminal domain and highlighted its role in integrin activation (Lilja et al. 2017) . The SH3 domain in the Shank family has either lost its prolinerich peptide binding function, or it has significantly altered its sequence specificity during evolution (Ponna et al. 2017) . Current data underline a role for the Shank proteins as master scaffolding molecules of the PSD in excitatory synapses.
Peptides binding to PDZ domains can be divided into different classes, based on sequence specificity. The proteins binding to the Shanks are classified as class I; reported binding partners for the Shank PDZ domain include GKAP (Boeckers et al. 1999; Naisbitt et al. 1999) , ProSAPinteracting protein 1 (ProSAPiP1) (Wendholt et al. 2006) , calcium-independent receptor for alpha-latrotoxin (CIRL) (Kreienkamp et al. 2000) and somatostatin receptor subtype 2 (SSTR2) (Zitzer et al. 1999) . While all these proteins share a minimal consensus motif at their C termini, details of recognition have previously been determined only for GKAP through X-ray crystallography in complex with the PDZ domain of Shank1 (Im et al. 2003) , as well as for an extended GKAP peptide in complex with the PDZ domain of Shank3 (Zeng et al. 2016) .
Here, we focus on detailed structure-function analyses of the Shank3 PDZ domain, both in the apo state and with bound 6-residue peptide ligands from Shank target proteins. In addition, the solution structure of a tandem SH3-PDZ construct was studied, and the effects of the SH3 domain on the PDZ domain-peptide interactions assessed. The results highlight different affinity determinants for the different peptides. The adjacent SH3 domain is in close vicinity to the PDZ domain, but does not affect its affinity towards short ligand peptides. A point mutation in the linker between the SH3 and PDZ domains of Shank3, linked to schizophrenia (Gauthier et al. 2010) , had no detectable effect on the structure and domain organization within the SH3-PDZ tandem unit.
Materials and methods

Recombinant protein production
The PDZ domain of Shank3, as well as the tandem SH3-PDZ domain construct, was expressed in E. coli Rosetta (DE3) (Merck; RRID:SCR_001287) as a His-tagged fusion protein. The constructs code, respectively, for residues 570-664 and 470-669 in rat Shank3; the linker between the SH3 and PDZ domains is predicted to be~40 residues (residues 529-569). All constructs contained an N-terminal His-tag, cleavable with tobacco etch virus (TEV) protease.
Protein production and purification followed closely the protocol for the Shank3-SH3 construct (Ponna et al. 2016 (Ponna et al. , 2017 . Briefly, protein expression was carried out using autoinduction (Studier 2005) at +20°C. The cells were lysed using sonication in lysis buffer (50 mM phosphate pH 7.0, 500 mM NaCl, 30 mM imidazole). The supernatant was collected and subjected to Ni-NTA affinity chromatography. Washes were carried out using lysis buffer, and elution with elution buffer (50 mM phosphate pH 7.0, 300 mM NaCl, 500 mM imidazole).
The eluted protein was further purified using size exclusion chromatography. The His tag was removed with TEV protease (van den Berg et al. 2006) by cleaving overnight in a dialysis bag at +4°C. His-tagged TEV protease and the cleaved His tag were further removed by first passing through Ni-NTA, and then carrying out size exclusion chromatography on a Superdex 75 16/60 column in 20 mM HEPES (pH 7.0), 150 mM NaCl, 1 mM dithiothreitol (DTT). The purity of the protein was confirmed at all stages by sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
A point mutant of the tandem construct was prepared to mimic the R536W mutation linked to schizophrenia in human Shank3 (Gauthier et al. 2010) ; the corresponding residue in rat Shank3 is Arg535, but we will here refer to the R536W mutation for clarity. Mutagenesis was carried out with the QuikChange kit (Agilent; RRID:SCR_013575), according to the manufacturer's protocol, and the mutation was confirmed by DNA sequencing. The mutant protein was produced and purified like the wild-type construct.
Stability analysis of the PDZ domain
Thermal stability of the Shank3 PDZ domain was studied as a function of salt concentration, buffer system, and pH with the ThermoFluor assay (Ericsson et al. 2006) . 5 lg of protein and 89 Sypro Orange was used per well, in a total volume of 20 lL. 96 different conditions were simultaneously screened. The temperature scan was carried out using the Applied Biosystems (RRID: SCR_005039) 7500 real-time PCR system, between +20°C and +90°C, with 1°C increments and 1 min incubation at each temperature point.
Peptides
All peptides were ordered from Genscript and were acetylated at the N terminus. The C terminus was left unmodified, as it is a key determinant for PDZ domain binding. The peptide sequences, corresponding to the C terminus of each protein, were as follows: EAQTRL (GKAP), QLVTSL (CIRL), DLQTSI (SSTR2), and IESTEI (ProSAPiP1). These sequences are discussed as ranging from P(-5) to P(0), with residue P(0) at the C terminus.
Isothermal titration calorimetry
The interaction between the Shank3 PDZ domain and the ligand peptides was studied using isothermal titration calorimetry (ITC) with an iTC200 instrument (MicroCal) at +25°C. Concentrations of 0.05 mM were used for the protein and 1 mM for the peptide; each titration was carried out at least twice as a technical replicate. The buffer in the ITC experiments was 50 mM HEPES (pH 7.0), 150 mM NaCl. Data were analysed in MicroCal Origin (RRID: SCR_002815). The SH3-PDZ construct was similarly studied with all the four peptides, and the mutant SH3-PDZ construct with the GKAP peptide, which had the highest affinity. During data fitting, the peptide concentration was refined, such that the expected stoichiometry of 1 was obtained. This was considered a realiable means to obtain the accurate peptide concentration, since the protein concentration was accurately determined, being identical in all samples and the stoichiometry was known.
Crystallization
Crystallization was carried out using sitting-drop vapour diffusion in 96-well plates at +20°C. Shank3-PDZ was crystallized alone and with the ligand peptides, under the following conditions: ApoShank3-PDZ -0.1 M sodium acetate, 2 M (NH 4 ) 2 SO 4 , pH 5.0; GKAP complex -1.6 M sodium citrate, pH 6.5; CIRL complex -0.1 M HEPES, 2% PEG 400, 2 M (NH 4 ) 2 SO 4 , pH 7.5; ProSAPiP1 complex -0.2 M NaSCN, 23% PEG3350; SSTR2 complex -2 M (NH 4 ) 2 SO 4 , 0.1 M MES, 0.2 M NaCl, pH 5.5. All crystals were grown with non-tagged protein, except for the ProSAPiP1 complex, for which His-tagged protein was used.
Diffraction data collection
Prior to data collection, crystals were cryoprotected with either 200 mM NaSCN, 23% PEG 3350, and 20% PEG400 (ProSAPiP1 complex) or 2.5 M sodium malonate, pH 7.5 (all others) and cryocooled in liquid nitrogen. X-ray diffraction data were collected at 100 K on beamline P13 (Cianci et al. 2017) at EMBL/DESY, Hamburg, Germany, beamlines I03 and I04 at Diamond Light Source (Didcot, UK), and beamline ID30B at ESRF (Grenoble, France). Data were processed using XDS (Kabsch 2010 ). For defining the resolution limit, in most cases the criterion used was ⟨I/rI⟩ = 1 and CC 1/2 = 30-50%. However, for the GKAP complex data, the recent suggestion (Karplus and Diederichs 2015) of processing data down to CC 1/ 2 = 10% was employed, and for the apo structure, the data were cut to 2.3 A because of a weak ice ring at 2.27 A.
Structure solution and refinement The structure of the Shank3 PDZ domain in complex with a small molecule ligand (PDB entry 3O5N) (Saupe et al. 2011 ) was used as the template in initial molecular replacement (MR). We did not want to use this earlier structure for our comparisons, because of its poor quality and our inability to reproduce its refinement statistics. The refined Shank3-PDZ apo structure was then used as the MR template for the peptide complexes. MR was carried out with Phaser (RRID:SCR_014219) (McCoy et al. 2007 ) and refinement with phenix.refine (RRID:SCR_014224) (Afonine et al. 2012) . Model building was carried out in coot (RRID:SCR_014222) (Emsley and Cowtan 2004) . Structures were validated using MolProbity (RRID: SCR_014226) (Chen et al. 2010) . Structure analyses were carried out using PyMOL (RRID:SCR_000305), APBS (RRID: SCR_008387) (Unni et al. 2011) , and UCSF Chimera (RRID: SCR_004097) (Pettersen et al. 2004) . The final refined models and structure factors were deposited at the PDB (RRID:SCR_012820; http://www.rcsb.org/pdb/) with entry codes 5OVA (apo Shank3-PDZ), 5OVC (GKAP complex), 5OVP (CIRL complex), 5OVV (ProSAPiP1 complex) and 6EXJ (SSTR2 complex). Data processing and refinement statistics are in Table 1 .
Small-angle X-ray scattering Synchrotron small-angle X-ray scattering (SAXS) data collection was carried out on the EMBL/DESY BioSAXS beamline P12 (Hamburg, Germany) (Blanchet et al. 2015) and the B21 beamline at DIAMOND (Didcot, UK), following standard protocols for batch mode measurement. All samples were studied at three different concentrations, and 20 X-ray exposures were taken from each sample. Frame-by-frame comparison was carried out to exclude frames with radiation damage. Data were processed and analysed with programs from the ATSAS (RRID:SCR_015648) package (Petoukhov et al. 2012) .
Different approaches were employed to model the SH3-PDZ unit on the basis of the SAXS data. Bead-like and chain-like ab initio models were built using DAMMIF (Franke and Svergun 2009 ) and GASBOR (Svergun et al. 2001) respectively. The known crystal structures of the SH3 and PDZ domains were used to build the linker region in CORAL (Petoukhov et al. 2012) and to study its flexibility using the ensemble optimization method (EOM) (Bernad o et al. 2007 ). The wild-type and R536W mutant SH3-PDZ samples were analysed identically.
Atomistic molecular dynamics simulations
Molecular dynamics (MD) simulations were carried out in YASARA (Krieger and Vriend 2015) , essentially as described Ponna et al. 2017) . Simulations were started from the structure of the Shank3-PDZ -GKAP peptide complex, both with and without the peptide. MD simulations were run for > 200 ns at +25°C, with YASARA default settings. Analysis of the simulation trajectories was carried out in YASARA.
Circular dichroism spectroscopy Circular dichroism (CD) measurements were carried out using a Chirascan Plus CD spectropolarimeter (Applied Photophysics) in 10 mM phosphate buffer (pH 7.0). The SH3-PDZ concentration was 0.06 mg/mL, and a 1-mm cuvette was used. Spectra were collected between 190 and 260 nm, and buffer background was subtracted. Secondary structure deconvolution was performed with the Dichroweb (Whitmore and Wallace 2004) implementation of CONTIN-LL (Provencher and Gl€ ockner 1981) and reference set 4/7 (Sreerama and Woody 2000) . Melting experiments were carried out by increasing the temperature, while continuously measuring full CD spectra. The data were fitted with Global3 (Applied Photophysics).
Notes on study design
The study did not involve pre-registration, randomization, or blinding. High-resolution crystal structures of Shank3-PDZ bound to all four different peptides were considered the primary endpoint of the study. SAXS analyses of the SH3-PDZ unit and the R536W mutant were considered the secondary endpoint. Outliers in the crystallography and SAXS data were removed using standard protocols in the field, incorporated into data processing pipelines.
Results
Affinity of the PDZ domain towards ligand peptides
As a first step of characterization, binding affinities for all four peptides towards the Shank3 PDZ domain and the tandem SH3-PDZ construct were determined using ITC ( Fig. 1, Figure S1 ). The affinities for all peptides were in the low micromolar range, with clear differences between peptides ( Table 2 ). The GKAP peptide had the highest affinity and SSTR2 the lowest; the difference in K d between these two peptides was~50-fold; this is close to the affinities determined before using fluorescence polarization (Saupe et al. 2011) . The individual peptide affinities towards Shank3 can be correlated with structural details (see below). The results indicate that the 6 C-terminal residues in each peptide are sufficient for PDZ domain binding, and that the recognition features differ somewhat, since sequence conservation between the peptides is low.
The presence of the SH3 domain did not affect binding affinity to the tested short ligand peptides. The affinity of the R536W mutant SH3-PDZ tandem construct was also tested with the highest affinity peptide from GKAP, and its binding properties were essentially identical to the wild-type SH3-PDZ construct (Table 2) .
Structure of the Shank3 PDZ domain
We studied the heat stability of the Shank3 PDZ domain with the Thermofluor method. Shank3-PDZ is most stable at pH 8, in the presence of high salt concentrations. Under these conditions, the apparent melting temperature (T m ) is +47°C. Heat stability is dramatically reduced in low-pH acetate buffer, and high salt has a destabilizing effect at low pH; the lowest measured T m values in such conditions were below +30°C.
We solved the structure of rat apo Shank3 PDZ domain at 2.3-A resolution. In apo Shank3-PDZ, the loop b2-b3 is only partially visible in electron density (Fig. 2a) . This loop is involved in interactions of the PDZ domain with ligand proteins, as it lies close to the end of the peptide-binding groove at the N-terminal end of ligand peptides.
To shed light on possible ligand binding differences between Shank PDZ domains, a sequence alignment of Shank1-3 PDZ domains was prepared (Fig. 2b) . It is obvious that the peptide-binding groove is essentially fully conserved between Shanks (Fig. 2c ).
Shank3-peptide complexes
Four peptide complexes of Shank3-PDZ were crystallized, and their structures were determined by X-ray crystallography at high resolution (Fig. 3) . In all cases, the ligand peptide is well defined in the electron density ( Figure S2 ). For all peptides, all six residues as well as the N-terminal acetyl group are visible, and the peptide backbone conformations are highly similar (Fig. 3b) . Conserved interactions for all peptides include the P(0) residue, which interacts via its terminal carboxyl group with the peptide backbone of the b1-b2 loop, and the side chain of which (Ile/ Leu) is buried in a hydrophobic pocket, as well as the residue P(-2), which is a Thr in all peptides and forms a hydrogen bond to His642 -a characteristic interaction for class I PDZ binding peptides (Songyang et al. 1997) . Further interactions for each peptide are discussed below. GKAP is an abundant scaffold protein in the PSD, with a number of known binding partners, including Shank (Boeckers et al. 1999; Naisbitt et al. 1999; Shin et al. 2012 ) and the activity-regulated cytoskeleton-associated protein Arc (Nikolaienko et al. 2017; Zhang et al. 2015) . We crystallized the GKAP C terminus with Shank3. Earlier, the GKAP peptide has been crystallized with the Shank1 PDZ domain, and the assembly showed dimeric PDZ domains in the crystal (Im et al. 2003) . In our case, the Shank3-PDZ construct was shorter at the N terminus, and no evidence for PDZ domain dimerization/swapping can be seen in the crystal. Essentially all details of peptide recognition are conserved for both Shank1 and Shank3 with respect to the GKAP C terminus. The GKAP peptide has an Arg in the P(À1) position, and this residue forms a salt bridge to Asp613 of Shank3. In the apo structure, Asp613 is in the same conformation, indicating a pre-formed binding determinant. Gln(P(À3)) is H-bonded to Glu610; this residue further forms a salt bridge with Arg586. The latter two residues in Shank3-PDZ alter their conformation upon peptide binding, as suggested by comparisons to the apo structure. Ala(P(À4)) is in a hydrophobic environment, stacked between the side chain ring of His642 and the aliphatic segment of Lys589. Notably, Lys589 is part of the b2-b3 loop, which is disordered in the apo structure but visible in the complex. This indicates peptide recognition by the flexible b2-b3 loop. Finally, Glu(P(À5)) H-bonds to Tyr618 and forms a salt bridge to Arg586; the latter highlights the Glu610-Arg586 unit as a Shank3-PDZ specificity determinant between the ligand peptide positions P (À3) and P(À5).
CIRL is a G-protein-coupled receptor (GPCR), linked to mechanosensation (Scholz et al. 2015) . The CIRL peptide has Ser at the P(À1) position, and its side chain makes no direct H bonds to Shank3. The exposed Val(P(À3)) appears to be in a sub-optimal environment, interacting with the side chains of Val584 and Arg586 through van der Waals interactions. Leu(P(À4)) interacts with aliphatic groups from His642, Lys589, and Lys643; this interaction is apparently stronger than that of the corresponding Ala in the GKAP peptide. Gln(P(À5)) is H-bonded to the side chain of Arg586.
ProSaPiP1 was characterized as a protein involved in dendritic spine maturation (Reim et al. 2016) ; it has also been implicated in alcohol-related synaptic adaptations (Laguesse Location of Shank conserved sequence on the structure; fully conserved in rat Shank1-3, grey; non-conserved, orange. The guanylate kinaseassociated protein (GKAP) peptide is shown in the binding site.
et al. 2017). The ProSAPiP1 peptide carries a Glu residue at P (À1), and its side chain does not interact with the PDZ domain, likely being of little importance for affinity. At P (À3), the Ser residue also is without H bonds to Shank3-PDZ. Glu(P(À4)) is sandwiched between the side chain amino groups of Lys589 and Lys643, representing a key affinity determinant for this peptide, in the form of a positively charged pocket. Importantly, of the highly conserved peptidebinding site residues in Shank PDZ domains (Fig. 2c) , Lys643 is not conserved between different Shank proteins.
Thus, Lys643 could be a specificity determinant for Shank3 ligands. Comparing to the other peptide complexes, the Lys589 and Lys643 side chains have adapted their conformation to Glu(P(À4)). Ile(P(À5)) is partially exposed and stacked against the peptide backbone of strand b2.
SSTR2 is a somatostatin receptor belonging to the GPCR family, and one of the earliest characterized Shank ligand proteins (Zitzer et al. 1999 ). The SSTR2 peptide had the lowest affinity in ITC experiments. In the crystal structure, residue P(À1) is a serine, with no obvious specific interactions. Gln(P(À3)) forms no hydrogen bonds to Shank3-PDZ; this is probably linked to the fact that Asp(P (À5)) strains Arg586, while forming a salt bridge to it. Leu(P (À4)) has similar interactions as the corresponding residue in CIRL, presenting a partially exposed hydrophobic residue. Interestingly, the two GPCRs, CIRL and SSTR2, both have Ser at the P(À1) and Leu at the P(À4) position.
To visualize the dynamics of Shank3-PDZ, we carried out MD simulations of Shank3-PDZ with and without the GKAP peptide (Fig. 4) . The bound peptide stabilized the b1-b2 loop somewhat, without further effects on root mean-square fluctuations. Not surprisingly, the peptide-binding groove is slightly less dynamic with the peptide than in its absence. The trajectories were also analysed with respect to the effects of peptide binding on correlated dynamics; this could be of importance, as PDZ domain allostery has been shown to be related to dynamics and side chain networks (Kumawat and Chakrabarty 2017) . In this analysis ( Fig. 4d and e) , effects of the peptide include strengthening of the dynamic crosscorrelation between strand b2 and helix a2 and a weakening of the cross-correlation between strands b3 and b4.
Water molecules
Two well-defined buried water molecules, detached from bulk solvent, were observed inside the Shank3 PDZ domain, both in the apo and peptide-bound states (Fig. 5a ). They may play structural roles in Shank, and other, PDZ domains, as discussed below. Superposition of several PDZ domain crystal structures indicates conservation of these water molecules (Fig. 5b) , suggesting structural and/or functional importance. One water molecule is found inside the PDZ domain, below the peptide-binding site, close to the C-terminal end of helix a2 (Fig. 5c ). This molecule coordinates backbone groups in a triangular setting of three b strands in the PDZ fold, and it might play a role in Shank PDZ domain folding and internal flexibility/dynamics.
The second conserved water molecule is on the backside of the GFGF sequence motif (residues 580-583) in the b1-b2 loop, which directly recognizes the ligand peptide C terminus (Fig. 5d) . It is H-bonded to the carbonyl groups of Asp613 and Gly582 and the NH groups of Ala618 and Trp619. Its location suggests a role in coordinating the backbone conformation of the carboxyl-coordinating motif, directing the NH groups towards the ligand C-terminal carboxyl group. This water molecule may be important in preorganizing the peptide-binding site.
During MD simulations, the two-abovementioned water molecules are remarkably stable. In a simulation of the apo structure, for example, they remain in place for at least 100 ns. We believe that these two water molecules are a part of PDZ domain evolution, playing roles in PDZ domain folding and the correct conformation of the loop binding the target protein C terminus.
In addition to the above-buried waters, a water molecule binding to the peptide C terminus, coordinated by a nearby Arg residue, has been observed in many PDZ-ligand structures. This water is also observed in Shank3, linking Arg650 to the peptide C terminus. Another nearby conserved basic residue, Lys575, could also be involved in the recognition of the C terminus. In MD simulations, Arg650 moves more freely in the absence of the peptide, indicating its anchoring to the bound ligand. Occasionally, Lys575 turns towards the peptide C terminus, especially when Arg650 is further away. These observations suggest that for binding the peptide C terminus, a weak indirect interaction with a positively charged binding site is relevant.
Solution structure of the tandem SH3-PDZ domain CD spectra for the wild-type SH3-PDZ and the R536W mutant protein constructs were essentially identical (Fig. 6a) . CD spectroscopy indicated similar melting temperatures for the wild-type and mutant proteins (+47.7°C vs. +46.9°C respectively). Secondary structure contents of 16-20% helix, 30-36% sheet, 21-22% turns, and 27-29% unordered structure were observed depending on the reference set used in deconvolution. The secondary structure content of the known structures of the SH3 and PDZ domains amounts tõ 10% helix and 30% sheet in total. In addition, various bend and turn structures identified by DSSP (Kabsch and Sander 1983) comprise 20% of the structure. The linker is predicted to contain secondary structure, and the CD data clearly show the presence of helical structure between the domains.
To visualize the domain organization in a larger segment of Shank, the SH3-PDZ tandem construct was modelled based on SAXS data (Fig. 6, Table 3 ). The construct had an elongated shape, where both domains fit well. The domains are close to each other, indicating that the linker between them is not fully disordered. The 40-residue segment between the domains has been assumed to be a flexible linker.
More insight into the conformational flexibility of the tandem domain setting was obtained through SAXS-based ensemble optimization analyses (Fig. 6) . The results indicate that the SH3 and PDZ domains are mostly close together, although not tightly bound to each other. Extended conformations can also be predicted, although they are quantitatively minor (Fig. 6e-h) , indicating molecular flexibility. The data again show that the linker between the two domains is not a fully extended disordered chain. For two domains connected by a thin, extended linker, one would expect a distance distribution characteristic of a dumbbell shape, like that observed in calmodulin (Majava et al. 2010) . This is clearly not the case for SH3-PDZ (Fig. 6i) , indicating that the two domains prefer to be close together. With the resolution of the SAXS experiment, one cannot determine the relative orientation of the two domains with respect to one another. The schizophrenia-linked mutation in the linker between the SH3 and PDZ domains did not cause large differences in the structure of the protein. The flexibility of the protein was similar to the wild-type protein, as estimated from SAXS data (Fig. 6e-h) .
The average length of the disordered linker would be~6 nm, if it behaves like a random polymer (Fitzkee and Rose 2004) . The diameters of the SH3 and PDZ domains are 3.5 and 4.5 nm, on the other hand, and one could expect a D max of 14 nm in the case of a disordered linker. As D max was estimated at 10.5 nm in GNOM, and an average D max of 8 nm was evident in EOM -with a major population around D max = 7 nm, the linker between the SH3 and PDZ domains cannot be fully disordered. In line with this, secondary structure predictions suggest one short helix and two b strands in the linker -the latter were also seen in the complex between Shank3 and an extended GKAP peptide (Zeng et al. 2016) .
Discussion
Structural information has during recent years accumulated on different domains of Shank. The C-terminal SAM domain is a self-oligomerizing motif that binds zinc (Baron et al. 2006) , whereas the N-terminal and ankyrin domains play roles in interactions with the integrin scaffold (Lilja et al. 2017) . Our recent work highlighted the unconventional nature of the SH3 domain in the Shank family (Ponna et al. 2017) . We observed that the canonical binding site for Pro-rich peptides has been lost in the entire Shank family. The same is not true for the PDZ domain, for which several binding partners have been characterized. PDZ domains from Shanks have been crystallized, both alone and in complex with ligands (Im et al. 2003 (Im et al. , 2010 Lee et al. 2011; Saupe et al. 2011) . We set out to shed light on additional details in specific target protein recognition by the Shank3 PDZ domain. We also wanted to find out whether the adjacent SH3 domain affects PDZ-peptide interactions. In addition, we explored the structure of the Shank3 SH3-PDZ tandem construct and the effects of the reported schizophrenia-linked mutation R536W (Gauthier et al. 2010) on Shank3 structure and function.
Binding determinants for peptide ligands in the Shank3 PDZ domain Owing to the high conservation of the binding cavity, the ligand binding specificities of the different Shank PDZ domains are likely to be similar. We recently observed a similar conservation pattern for the Shank SH3 domains, even though they appear to have lost the canonical Pro-rich peptide binding site (Ponna et al. 2016 (Ponna et al. , 2017 . Thus, both the SH3 and PDZ domains in Shanks are highly conserved and likely to have similar functions across the family.
Much of the binding site on the Shank3 PDZ domain is pre-organized, including the two buried water molecules; however, some binding moieties go through small conformational changes or get ordered upon peptide binding. It is clear that apart from the common interactions present for all peptides, that is the P(0) and P(À2) residues, additional affinity determinants differ between the peptides; different residues in Shank3-PDZ binding partners fine-tune the peptide-PDZ affinity. In addition, we observe that the two peptides ending in Leu have a higher affinity than those two ending in Ile. The flexible b2-b3 loop and side chains close to the binding site can obviously adapt their conformation according to bound ligand; this could play a role in recognizing additional surface features of the target protein.
It is likely that additional binding surfaces are involved in interactions, when full-length proteins interact. Thus, the lack of any effect on binding thermodynamics by the SH3 domain or the schizophrenia mutation R536W may be related to the fact that short 6-residue peptides were only studied here. High-resolution knowledge about the binding determinants will be crucial when attempting to affect specific interactions using small molecules.
Considering the concentrations that were used for the ITC experiments, the two highest affinity peptides can confidently be used to analyse energetics of binding determinants together with the corresponding crystal structures. In essence, for the lower affinity peptides, non-sigmoidal ITC curve fitting tends to provide higher errors in the determined parameters. However, the data clearly indicate that the ProSAPiP1 and SSTR2 peptides have an affinity at least an order of magnitude lower than GKAP, and the enthalpy is similar to that observed for CIRL peptide binding.
The GKAP peptide had~9 times lower K d than the CIRL peptide, and showed slightly higher favourable enthalpy. Considering our detailed analysis of the structures, this is likely to reflect the formation of one more hydrogen bond for GKAP during peptide binding. The GKAP peptide has three large polar residues making hydrogen bonds/salt bridges (Arg(-1), Gln(-3), Glu(-5)), whereas the CIRL peptide has only one (Gln(-5)). Leu(-4) may, on the other hand, provide an affinity gain for CIRL in comparison to GKAP Ala(À4), because of the larger interaction surface. In comparison, it seems that both the ProSAPiP1 and SSTR2 peptides have certain residues providing strain or unfavourable interactions. These include Ile(À5) and Glu(À1) of ProSAPiP1 and Asp (À5) of SSTR2. In addition, differences in the release of high-energy water molecules from the binding site upon peptide entry may cause differences in affinity and thermodynamics between the different peptides (Beuming et al. 2009 ). All these details fit well into the scenario, where the two abundant PSD scaffolding proteins Shank and GKAP form a high-affinity complex. Affinities for full-length proteins are likely to be even much higher, as discussed (Zeng et al. 2016) , and future studies should be aimed at studying larger constructs of the corresponding proteins.
For several PDZ domains from different proteins, binding determinants have been similarly studied (Amacher et al. 2014; Ernst et al. 2014; Karlsson et al. 2016; Madsen et al. 2005; Nomme et al. 2015) . Similarly to the small selection of peptides here, differences in recognition of Leu or Ile at the P(0) position were elucidated for the CAL PDZ domain (Amacher et al. 2013) . In general, PDZ domains are promiscuous, being able to bind a number of different target sequences with similar linear sequence motifs (Davey et al. 2012 ). An engineered higher affinity towards ligand peptides was linked to the loss of binding specificity (Karlsson et al. 2016) . Our simulations showed small effects of the GKAP peptide on the collective dynamics of the Shank3 PDZ domain; the peptide links together the dynamics of elements lining the binding cavity, having the opposite effect on the backside of the PDZ domain. These observations may be related to the observed subtle allosteric mechanisms in PDZ domains (Fuentes et al. 2004; Gianni et al. 2011; Ivarsson 2012; Petit et al. 2009 ). In addition to structural determinants, it is well known that PDZ domains have allosteric properties (Ivarsson 2012; Kumawat and Chakrabarty 2017; Petit et al. 2009) , and the dynamics of the binding site are relevant for specificity (M€ unz et al. 2012) .
PDZ target sequences may bind many PDZ domaincontaining proteins, and even small changes in binding sequences and corresponding alterations in affinity may lead to large overall effects upon PDZ-target complex reorganization -a phenomenon that could be relevant for the PSD scaffold, carrying several PDZ domains and ligands thereof (Kim and Sheng 2004) . Even changing the length of the target protein, without altering the binding sequence, can have clear biological effects, as exemplified by a study on the synaptic protein Stargazin and its binding to the PDZ domain of PSD-95 (Hafner et al. 2015) , which also interacts with GKAP (Shin et al. 2012) . The Arc protein, on the other hand, binds Stargazin and GKAP at the same binding site (Zhang et al. 2015) . Small changes in one of the members of the extensive PSD protein network, thus, can affect the molecular organization and function of the synapse (Gerrow et al. 2006; Hafner et al. 2015; Shin et al. 2012) .
The SH3-PDZ unit in Shanks is not separated by an extended linker Both the SH3 and PDZ domains in Shank are electrostatically polarized, having oppositely charged faces. While the peptide binding groove in the SH3 domain is negatively charged (Ponna et al. 2017) , strong positive potential resides in the peptide binding site of the PDZ domain. Electrostatic interactions could be important in bringing the two domains close together; however, the presence of the SH3 domain did not affect the binding properties of the PDZ domain towards the short peptides tested in this study, and it is unlikely that the ligand-binding site on the PDZ domain would be covered by the SH3 domain. This arrangement could, however, be a determinant for binding affinity of full-length ligand proteins, whereby additional binding surfaces could be present in addition to the target protein C terminus. The arrangement of the SH3-PDZ module suggests ligands binding to these domains may affect the linker segment and mediate conformational rearrangements between domains. A non-canonical interaction site was reported for the Shank3 PDZ domain binding to GKAP, which together with the canonical site increases affinity by two orders of magnitude (Zeng et al. 2016 ). This observation actually concerns an extension of the canonical site to include interactions between a bound longer GKAP peptide and the linker between the Shank3 SH3 and PDZ domains in an extended PDZ domain construct, which formed domain-swapped dimers in the crystal state, but not in solution (Zeng et al. 2016) .
SAXS experiments show that the SH3 and PDZ domains are close to each other, but elongated conformations also exist. The R536W mutation has no apparent large effect on the conformation; whether the mutation causes significant differences in the conformational ensemble distribution cannot be reliably said based on our current data. The affinity of the R536W variant towards the GKAP C-terminal peptide was similar to that of the wild-type SH3-PDZ unit. The R536W mutation could, however, affect affinities of full protein ligands towards Shank, or conformational changes and dynamics in such complexes. The mutation lies in the SH3-PDZ domain linker, and this position could be involved in binding extended ligand peptides. The possibility that the linker region participates in Shank PDZ domain ligand binding (Zeng et al. 2016) suggests that larger ligand binding may alter the linker conformation, which in turn could translate into different assemblies of Shank domains with respect to one another (Fig. 7) and trigger long-distance changes in the PSD platform.
An interesting contradiction exists between the Shank SH3 and PDZ domains. While both domains are conserved within the Shank family, the PDZ domain appears to function like a classical PDZ domain, whereas the SH3 domain has likely become non-functional during evolution (Ponna et al. 2017) , as far as binding proline-rich sequences is concerned. In solution, these domains prefer to be close in space, and the linker between the two domains, likely participating in target protein binding, does not behave like a random flexible chain. Our observations are relevant for ligand recognition and binding-induced conformational changes in the Shank proteins, as well as the larger context of the multiplex PSD protein network assembly.
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